The Equatorial Mode (EM) governs the tropical Atlantic inter-annual variability during boreal summer. It has profound impacts on the climate of adjacent and remote areas. However, predicting the EM is one of the most challenging and intriguing issues for the scientific community. Recent studies have suggested a possible connection between the boreal spring Meridional Mode (MM) and the EM through ocean wave propagation. Here, we use a set of sensitivity experiments with a medium-resolution ocean model to determine the precursor role of a MM to create equatorial SST variability. Our results demonstrate that boreal summer equatorial SSTs following a MM, are subject to two counteracting effects: the local wind forcing and remotely-excited oceanic waves. For a positive MM, the anomalous easterly winds blowing along the equator, shallow the thermocline, cooling the sea surface via vertical diffusion and meridional advection. Anomalous wind curl excites a downwelling Rossby wave north of equator, which is reflected at the western boundary becoming an equatorial Kelvin wave (KW). This downwelling KW propagates eastward, deepening the thermocline and activating the thermocline feedbacks responsible for the equatorial warming. Moreover, the local wind forcing and RW-reflected mechanism have a significant and comparable impact on the equatorial SST variability. Changes in the intensity and persistence of these distinct forcings will determine the equatorial SST response during boreal summer. Our results give a step forward to the improvement of the EM predictability.
Introduction
The Equatorial Mode (EM) or Atlantic Niño is an air-sea coupled mode that controls the inter-annual tropical Atlantic variability during boreal summer (Zebiak 1993; Lübbecke et al. 2018) . During its positive phase, the EM is characterized by an anomalous warming in the eastern equatorial Atlantic, accompanied by a reduction of the climatological trade winds (Lübbecke et al. 2018 ). The EM is thought to be generated by ocean dynamics (Keenlyside and Latif 2007; Lübbecke and McPhaden 2013; Polo et al. 2015a; Jouanno et al. 2017; Martín-Rey et al. 2019) , mainly driven by the Bjerknes feedback (Bjerknes 1969) . The Bjerknes mechanism implies the propagation of oceanic waves as a response of an anomalous wind burst in the western equatorial Atlantic (Keenlyside and Latif 2007) . Indeed, several authors have underlined the potential role of oceanic waves in the development and decay of the EM (Carton and Huang 1994; Polo et al. 2008a; Lübbecke et al. 2010) , shaping its distinct structure and timing (Martín-Rey et al. 2019) . In recent decades, additional mechanisms as air-sea fluxes (Nnamchi et al. 2015 (Nnamchi et al. , 2016 , equatorial deep jets (Brandt et al. 2011) or meridional advection of subsurface temperature (Richter et al. 2013 ) have been also proposed to generate the equatorial SST variability.
The EM has profound impacts on the climate of adjacent and remote areas. Fluctuations in the onset and intensity of West African (Losada et al. 2012a; Rodríguez-Fonseca et al. 2015) , Indian Monsoon (Jin and Huo 2018) have been found associated with the EM. Moreover, the EM influences the precipitation regime over Europe and Mediterranean Sea (Losada et al. 2012b; Mohino and Losada 2015) and is able to favour the development of a next winter ENSO during certain decades (Rodríguez-Fonseca et al. 2009; Martín-Rey et al. 2014 , 2015 Polo et al. 2015b) . Thus, predicting the EM is one of the most challenging and intriguing issues for the scientific community.
The EM emerges as an internal mode of tropical Atlantic variability, however, it is also subject to multiple external forcings (Ruiz-Barradas et al. 2000; Czaja et al. 2002) , which provide additional sources for its predictability. In this sense, the North Atlantic Oscillation and ENSO phenomenon are the main remote forcings (Latif and Grötzner and EM has been suggested (Servain et al. 1999; Murtugudde et al. 2001; Andreoli and Kayano 2003; Foltz and McPhaden 2010a) . The MM is characterized by an anomalous inter-hemispheric SST gradient associated with anomalous winds blowing to the warmer hemisphere (Nobre and Shukla 1996) . Several mechanisms have been reported to explain the interaction between these modes. Servain et al. (1999) stated that MM and EM can be connected at decadal and short inter-annual time scales, via the latitudinal migration of the Inter Tropical Convergence Zone (Murtugudde et al. 2001; Andreoli and Kayano 2003) . The meridional advection of north tropical Atlantic subsurface temperature anomalies (Richter et al. 2013) or the discharge of ocean heat content into the equatorial wave guide (Huang and Shukla 1997; Zhu et al. 2012 ) could also link the tropical and equatorial Atlantic variability. Remarkably, a dynamical mechanism based on remotelyexcited oceanic waves could also mediate the MM-EM connection (Foltz and McPhaden 2010a) . During the development of the MM, an anomalous wind stress curl triggers a Rossby wave north of the equator that propagates westward and is reflected at the western boundary. As a consequence, it becomes a Kelvin wave that propagates along the equatorial wave guide, impacting in the equatorial SST anomalies (Foltz and McPhaden 2010b; Burmeister et al. 2016 ). This wave-reflected mechanism has been considered as part of a destructive interaction between the MM and EM (Foltz and McPhaden 2010a) or as responsible of the inconsistent relationship between ENSO and EM (Lübbecke and McPhaden 2012) . However, recent studies highlight the potential role of the wave-reflected mechanism in creating equatorial SST variability during boreal summer (Foltz and McPhaden 2010b; Burmeister et al. 2016) . Moreover, Martín-Rey et al. (2019) demonstrate that this ocean wave propagation shapes the distinct structure and timing of the EM. Under this context, disentangling the potential impact of the MM in the development of the Equatorial Mode becomes necessary.
The present study aims to shed light about the precursor role of the MM to generate equatorial Atlantic variability during the following summer. We will determine the mechanisms associated with the development and decay of the MM, with a special focus on the wave activity. Moreover, we will assess the relative contribution of the MM-associated wind forcing and ocean wave propagation in the generation of equatorial SST anomalies, and in turn, of an EM event. For this purpose, a set of sensitivity experiments with the medium-resolution ocean NEMO model have been performed and analysed.
Data and methodology

Observations and model description
To validate the ability of the model to reproduce the boreal spring tropical Atlantic variability, observed SSTs are considered from the HadISST dataset (Rayner et al. 2003) for the period 1960 to 2011.
The tropical Atlantic configuration of the ocean NEMO model (Madec 2008 ) has been used (Faye et al. 2015) . The horizontal resolution is ¼° with a tripolar grid and 46 z-levels. The model is forced with observed meteorological atmospheric variables (air temperature and air humidity at 2 m, surface wind at 10 m, shortwave and longwave radiation and precipitation) from the DRAKKAR forcing sets, version DFS4.4 (Brodeau et al. 2010 ). The air-sea fluxes and wind stress are computed interactively using the bulk formula and providing them as outputs by NEMO model. In order to investigate the mechanisms underlying the development of the MM and its potential connection to the EM, a set of sensitivity experiments have been conducted: . This simulation reproduces the growing and decaying phase of the MM pattern, which allows us to assess the impact of the MM in the following summer equatorial variability.
• MM-WAVE: 1.5-year simulation forced with the composite air-sea fluxes associated with a typical Meridional Mode event from July (year − 1) to June (year 0). This simulation is similar to MM-REF, but here the atmospheric forcings act only until late spring and they are set to climatological values from July. MM-WAVE allows for isolating the contribution of ocean wave propagation in the generation of boreal summer equatorial SST anomalies. The above-mentioned simulations start from the same initial conditions, taken from a stabilized climatological run. The climatological simulation has been run for 10 years using the climatological DFS4.4 forcings computed from the total period 1958-2011. For the MM-WAVE and MM-WIND experiments, a smooth linear transition has been applied to the atmospheric forcings during June, to minimize the initial shock of the model. Our experimental design allows for determining the relative role played by the MMassociated thermodynamic (surface wind) and dynamic processes (oceanic waves) in the development of equatorial SST variability and, in turn, in the generation of a EM event, during next summer.
The output variables used throughout the study are: SST, sea surface height (SSH), the isotherm of 16 °C as a proxy of the thermocline depth (D16), horizontal currents and wind stress.
Methods
Seasonal anomalies have been computed by subtracting the seasonal cycle of the whole period for observations and INTER simulation. A high-pass 7-year cut-off Butterworth filter (Butterworth 1930 ) has been applied to the anomalies to isolate the inter-annual variability and remove the global warming trend.
T h e l e a d i n g m o d e s o f b o r e a l s p r i n g (March-April-May-June) SST variability have been computed using the Principal Component Analysis (PCA, Fig. 1a, b) . PCA decomposes the anomalous SST space-time field Y(n s ,n t ) into a number of modes of variability that (Fig. 1c) . The composite of its associated air-sea fluxes is used to force the sensitivity experiments described in Sect. 2.1. For the analysis of the MM-REF, MM-WAVE and MM-WIND experiments, the 5-day, monthly and seasonal anomalies are computed by subtracting the associated seasonal cycle from the climatological simulation. To better assess the wave activity, a band-pass Butterworth filter that retains the 60 days-540 days frequency, has been applied to the 5-day SSH, D16 and wind stress anomalies.
Several climate indices have been defined to characterize the key regions of the MM and EM patterns. North Tropical Atlantic (NTA) index is referred to the averaged anomalous fields in the area [50°W-15°W, 10°N-20°N], while the equatorial region is characterized by the Atl3 index
The calculation of the Ekman velocity has been done according to the following formula:
where τ x and τ y are the zonal and meridional components of the wind stress, ρ 0 is the sea water density and f is the Coriolis parameter.
Heat budget analysis
To explore the air-sea interactions responsible for the development and decay of the MM, a heat budget analysis has been carried out in the tropical Atlantic. Our model allows the interactive calculation of the heat budget in the mixed layer using the bulk formula. The different terms of equation (1) are provided as outputs by the model. The temporal variations of the mixed layer temperature are explained by the contribution of diverse terms (Peter et al. 2006; Martín-Rey et al. 2019): with ⟨ * ⟩ = 1 h ∫ 0 −h * dz where h is the depth of the mixed layer; T and T h are the temperature of the mixed layer and below the mixed layer respectively; u, v and w are the zonal,
meridional and vertical currents, respectively; D l is the lateral diffusion operator and z is vertical mixing coefficient. Notice that the net surface heat fluxes, Q net , is decomposed into the non-solar (latent, sensible and longwave) Q* and solar (shortwave) Q s heat fluxes. As not all the incident shortwave solar radiation will penetrate in the mixed layer, the function F z=−h is included, which describes the fraction of shortwave fluxes absorbed in this layer and thus contributing to the mixed layer heating. Finally, 0 is the seawater density and C p is the seawater specific heat capacity coefficient. The Eq. (1) shows that the tendency of the temperature in the mixed layer (left) can be expressed as the sum of atmospheric and oceanic contributions. The atmospheric term is referred to air-sea fluxes (c), while the oceanic component is associated with horizontal terms (a, zonal and meridional advection and lateral diffusion) and vertical processes (b, turbulent mixing, vertical advection and entrainment). This approach has been found to be a very useful method to investigate the air-sea interactions involved in the tropical Atlantic variability modes (Polo et al. 2015a; Martín-Rey et al. 2019 ).
Results
Tropical Atlantic inter-annual variability in boreal spring
The Meridional Mode (MM) emerges as the second mode of tropical Atlantic SST variability during boreal spring in both observations and INTER simulation for the period 1960-2011 (Fig. 1a, b) . It accounts for the 24.6% and 24.8% of the total variance in observations and model simulation respectively. The inter-hemispheric SST gradient is well captured by the model (r = 0.96), although the equatorial cooling displays a westward extension reaching South American coast compared to the observations (Fig. 1a, b) . This can be due to the equatorial cold bias of the model, associated with a thinner equatorial mixed layer and reduced thermocline slope (Martín-Rey et al. 2019). The inter-annual variability of the MM is also well reproduced by the INTER simulation over the whole period (r = 0.9, Fig. 1c ).
As a first attempt to evaluate the possible connection between MM and EM, lead-lag correlation between the time series (PC2 fixed in MAMJ) of the MM and Atl3 SST index from JFMA to DJFM has been computed (Fig. 1d ). Significant negative correlations are found from previous winter to next summer, being maximum at lag 0 (MAMJ, up to 0.8). Our results show that the entire evolution of the MM is strongly linked to equatorial SST anomalies. In particular, the correlation between MM and boreal summer (JJAS) Atl3 index reaches 0.4-0.5, which suggests that the MM would explain around 20% of the summer equatorial SST variability and thus an important contribution to the generation of the EM (Fig. 1d) .
Air-sea interactions involved in the development of the MM
To gain further understanding of the physical processes controlling the development of the MM and its potential link to the EM, a sensitivity experiment based on a typical MM pattern has been performed, hereinafter MM-REF (see Sect. 2.2). This typical MM has been computed as a composite MM SST pattern, which has a good agreement (not shown) with the leading mode of boreal spring variability from INTER simulation (Fig. 1b) . MM-REF reveals that the development of the MM starts in boreal winter (JFM) with a reduction of the north-easterly trades, associated with an anomalous cyclonic circulation (Fig. 2a) . These anomalous winds persist until late spring (Fig. 2b) , decreasing the latent heat loss and warming the mixed layer (Fig. 2d) . In contrast, the trades intensify in the south tropical Atlantic from boreal winter to spring (Fig. 2a,  b) , enhancing the evaporation and cooling the sea surface (not shown). Our results corroborate the role of the air-sea fluxes to lead the large-scale structure of the MM, with a negligible contribution of oceanic terms (Amaya et al. 2016; Chang et al. 1997; Wagner 1996; Carton et al. 1996) .
This asymmetric SST structure causes a meridional sea surface pressure gradient (not shown), according with the Wind-Evaporation-SST feedback (Amaya et al. 2016) , given rise to anomalous cross-equatorial winds blowing to the warmer hemisphere (Fig. 2a-c) . Consequently, the easterlies are reinforced along the equator from winter to spring, shallowing the thermocline and activating the ocean processes responsible for the surface cooling (Fig. 2a-c,  e) . During summer months, the MM-wind forcing decays and the equatorial band warms up, due to vertical diffusion and meridional advection respectively (Fig. 2c, e) . Notice that during the entire MM evolution, the air-sea fluxes tend to damp the equatorial SST anomalies (blue line, Fig. 2e) . Thus, our results provide further evidence of the essential role of ocean dynamics to control the equatorial SST variations (Foltz et al. 2003; Peter et al. 2006; Polo et al. 2015a; Martín-Rey et al. 2019 ).
Wave propagation in the MM evolution
During the development of the MM event, the atmospheric wind forcing originates an anomalous zonal SSH gradient at the equator (shaded, Fig. 3a) . This east-west SSH dipole shifts its phase during summer months (shaded, Fig. 3b) , resembling the Kelvin and Rossby wave signature of the delayed oscillator mechanism (Suarez and Schopf 1988) . This anomalous configuration suggests the existence of ocean wave activity during the development and decay of the MM, according to previous findings (Foltz and McPhaden 2010a; Burmeister et al. 2016 ). However, a better characterization of the ocean wave propagation, as well as the mechanisms responsible of the excitation of Rossby and Kelvin waves, is required. Figure 3a reveals that an anomalous anticyclonic circulation produces a negative wind stress curl north of the equator (purple vectors), causing an anomalous Ekman pumping (positive Ekman velocity, black contours) and downwelling conditions around 30°W-20°W from January to June (white box). This vertical Ekman velocity (solid black line, Fig. 3c ) is produced by an anomalous convergence of horizontal currents (purple line), which causes the SSH to rise (orange line) and the thermocline to deepen from January to May (magenta line, Fig. 3c ). The simultaneous alteration of offequatorial surface and subsurface suggests the excitation of a baroclinic ocean wave. To better visualize the wave activity during the MM, time-longitude diagrams of filtered 5-day SSH anomalies at 2°N-4°N and along the equator are displayed in Fig. 4 .
During the growing phase of the MM, an anomalous wind burst in the western equatorial Atlantic [40°W-30°W], triggers a set of upwelling Kelvin waves, uKW1 and uKW2 (pink arrows), propagating eastward from February to May and May to July respectively (Fig. 4b) . The uKW1 and uKW2 resemble 2nd baroclinic modes [1.27 m/s and 1.45 m/s respectively; Illig et al. (2004) ; Polo et al. (2008b) ] that shallow the thermocline and favour the mixed layer cooling by vertical processes from February to July (Fig. 2e) . Notice that uKW1 is reflected at the African coast, returning as an upwelling Rossby wave (uRW1, ~ 0.59 m/s, 2nd baroclinic mode) along 2°N-4°N (pink arrow, Fig. 4c) .
During the decaying phase of the MM, a downwelling Rossby wave (dRW) is excited north of the equator (Fig. 4a) , associated with an anomalous negative wind stress curl (Fig. 3a, c) . The dRW propagates to the west as a 2nd baroclinic mode (~ 0.56 m/s) and is reflected at the western boundary in June-July (Fig. 4a) , becoming an equatorial downwelling Kelvin wave (dKW ~ 1.4 m/s, Fig. 4b ). From July to September, as the dKW propagates eastward, the thermocline deepens setting up the favourable conditions to warm the equator by vertical diffusion and meridional advection (Fig. 2e) . Our results confirm the existence of RW-reflected mechanism during the MM evolution proposed by previous studies (Foltz and McPhaden 2010a) . Furthermore, we demonstrate that oceanic waves modulate the development and decay of the Meridional Mode. Locally-excited equatorial Kelvin waves contribute to generate the MM-associated equatorial cold tongue, while remotely-excited Rossby wave tends to counteract these equatorial SSTs during summer months. This is in agreement with Martín-Rey et al. (2019) who suggested the crucial role of oceanic waves in shaping the distinct structure and timing of the EM. Nevertheless, it is worth mentioning that we can interpret our results as a twoway contribution of the MM to the equatorial SST anomalies during boreal summer. On the one hand, local easterly winds produce a shallower equatorial thermocline, favouring the surface cooling via vertical diffusion. On the other hand, the north-equatorial wind curl triggers a downwelling RW boundary-reflected into a KW that deepens the thermocline and sets up the favourable conditions to warm the equator. The competition between both phenomena will determine the equatorial SST anomalies during boreal summer, and thus, the potential relation between the MM and EM.
Under this context, a quantification of the relative contribution of the oceanic waves, compared to the local wind forcing on the equatorial SST variability, is necessary and will be assessed in next section.
Impact of the MM-associated ocean wave and wind forcing in the equatorial Atlantic variability
The boreal summer equatorial SST anomalies following the peak of the MM are subject to two distinct contributions: the local wind forcing and the remotely-forced ocean waves. To isolate the relative contribution of each forcing, two additional sensitivity experiments have been performed, MM-WAVE and MM-WIND (for more details, see Sect. 2.2).
In the MM-WAVE, the atmospheric forcing is suppressed from June, allowing the free propagation of the RW-reflected into the equatorial dKW (Fig. 4) during summer months.
Complementary, MM-WIND experiment only considers the atmospheric forcing from June, which allows for determining the impact of the local wind in the generation of equatorial SST variability. Figure 5 presents the summer (August) SST anomalies in the equatorial Atlantic for the three sensitivity experiments.
MM-WAVE and MM-WIND clearly illustrate a different and opposite impact over the equatorial SSTs. While MM-WAVE shows a strong equatorial warming in August (up to 0.5 °C), MM-WIND presents a homogeneous surface cooling (~ 0.2-0.3 °C). The temporal evolution of the 5-day SST and SSH anomalies in the Atl3 region reveals that the equatorial band warms up two times faster in MM-WAVE respect to MM-REF (0.165 °C/month vs 0.062 °C/month, Fig. 5d ), associated with the early arrival of the dRW at the eastern equatorial Atlantic (thin pink line, Fig. 5d) . Indeed, the dKW propagation is more than two time faster in absence of local wind (~ 3.4 m/s in MM-WAVE respect to 1.4 m/s in MM-REF). In MM-REF, the anomalous easterlies blow against the wave propagation, establishing a competitive interaction between both effects (thin purple line, Fig. 5d ). When the intensified equatorial winds act alone during summer months, they are able to create an equatorial cooling up to 0.2 °C (orange line, Fig. 5d ).
This competition between the surface winds and ocean waves is clearly illustrated in the heat budget analysis of the eastern equatorial Atlantic (Fig. 6 ). In absence of wind forcing, the propagation of the dKW deepen the thermocline, enhancing the contribution of vertical processes (dark green line, Fig. 6b ) responsible to warm the equator from July to mid-August (dark blue line, Fig. 6b ). The horizontal terms has a negligible effect, while the air-sea fluxes tend to damp the equatorial warming (light green and blue lines, Fig. 6b ). In contrast, when the atmospheric forcing is included, the positive temperature trend exhibits large variations (dark blue line, Fig. 6a ) due to the dominant effect of horizontal advection (light green line, Fig. 6a ) added to the air-sea fluxes (light blue line, Fig. 6c ). Both phenomena tend to counteract the impact of the ocean dynamics activated by the dKW propagation (dark green line, Fig. 6a) .
Our results bring to light the competition between two distinct forcings to create the equatorial Atlantic variability during a MM event. Both, the MM-associated local surface wind and remotely-excited oceanic waves control equatorial SST anomalies during next summer. We have demonstrated for the first time that oceanic waves and wind forcing have a significant and comparable impact in the generation of equatorial SST variability (up to 0.2 °C, Fig. 5d ), strong enough to generate an EM event during boreal summer.
It is worth-mentioning that our results are referred to a typical MM event in which the local wind counteracts the ocean wave contribution, given rise to quasi-neutral equatorial SST conditions during boreal summer (Figs. 2c and  5a ). However, changes in the amplitude or persistence of the atmospheric and/or oceanic forcing could modify the boreal summer equatorial SST response. 
Discussion and conclusions
We have investigated the precursor role of the Meridional Mode in generating equatorial Atlantic variability and potentially an Equatorial Mode event during next summer. For this purpose, we have performed a set of sensitivity experiments with the ocean NEMO model. The main conclusions achieved in the present study are:
• The model reproduces quite well the spatial structure and inter-annual variability of the Meridional Mode (MM). The MM shows a strong connection with the equatorial SST anomalies during its entire evolution.
• The inter-hemispheric SST gradient of the MM pattern is driven by thermodynamic processes (air-sea fluxes), while equatorial SST anomalies are controlled by ocean dynamics (vertical diffusion and horizontal advection).
• Oceanic waves contribute actively to the development and decay of the MM, shaping the equatorial SST anomalies:
• During the growing phase of the MM: anomalous wind burst in the western equatorial Atlantic trigger a set of upwelling Kelvin waves (KW) that propagate eastward during winter and spring, shallowing the thermocline and favoring the equatorial cooling via vertical diffusion and meridional advection.
• During the decaying phase of the MM: an anomalous negative wind stress curl north of the equator, originates an anomalous convergence of surface currents and an Ekman pumping during boreal spring. Consequently, the SSH elevates and the thermocline deepens, exciting a downwelling Rossby wave that is reflected in the western boundary, becoming an equatorial dKW in boreal summer. The dKW deepens the thermocline, activating the vertical processes responsible to warm up the equator.
• Two distinct forcings are responsible of the boreal summer equatorial SSTs following a MM event: the local surface wind and the remotely-excited oceanic waves. Both contributions show a significant and comparable effect over the equatorial Atlantic SST variability. In absence of local wind forcing, the equatorial band warms up two times faster due to the early arrival of the dKW that activates the vertical processes. However, the surface wind contribution shallows the equatorial thermocline, favouring the surface cooling and counteracting the oceanic wave effect.
In the present paper, we provide further evidence of the precursor role of the MM to generate an EM during next summer. The equatorial SST variability is subject to two distinct and competitive contributions that determine the equatorial SST response during boreal summer. Remarkably, Fig. 7 illustrates that there are some MM events followed by the same-sign EM. The Meridional Mode event of 1966 was followed by a strong equatorial warming, a positive Equatorial Mode-like pattern (Fig. 7b, c) . Similarly, for the negative MM event of 2009 (Fig. 7d, e) . According to our results, during those MM events, the reflected-RW mechanism was stronger than the local wind, being able to transfer the north tropical SST anomalies to the equatorial band (Burmeister et al. 2016) . Thus, changes in the amplitude and strength of the MM-associated surface wind could modulate the equatorial SSTs during next summer, and then the MM-EM connection.
Our results give a step forward in the better understanding of the processes controlling the Meridional Mode and its connection to the equatorial Atlantic variability. Moreover, this study provides evidence about the precursor role of the Meridional Mode to generate an Equatorial Mode event during next summer, which could be very useful to improve the predictability of the EM. Nevertheless, further research is still required to better understand the interaction between the MM and EM, conciliating the distinct proposed mechanisms as well as the possible multidecadal modulation by natural variability and Global Warming. 
